It is shown that the vacuum condensate induced by many phenomena behaves as a perfect fluid which, under particular conditions, has zero or negative pressure. In particular, the condensates of thermal states, of fields in curved space and of mixed particles have been analyzed. It is shown that the thermal states with the cosmic microwave radiation temperature, the Unruh and the Hawking radiations give negligible contributions to the critical energy density of the universe, while the thermal vacuum of the intercluster medium could contribute to the dark matter, together with the vacuum energy of fields in curved space-time and of mixed neutrinos. Moreover, a component of the dark energy can be represented by the vacuum of axion-like particles mixed with photons and superpartners of neutrinos. The formal analogy among the systems characterized by the condensates can open new scenarios in the possibility to detect the dark components of the universe in table top experiments.
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PACS numbers:
I. INTRODUCTION
Many independent experimental data [1] - [5] , support the hypothesis according to which the today observed universe has an accelerating expansion due to an unknown form of energy, called dark energy, which has a negative pressure. The dark energy represents approximately 68% of the total matter-energy density of the universe and it is distributed isotropically throughout the universe. Moreover, astronomical observations relative to the speed of rotating galaxies indicate that an unknown form of matter, not interacting electromagnetically, is need in order to permits the stability of the galaxies and of cluster of galaxies. The dark matter makes up about 27% of the universe. Different models have been proposed to solve the dark energy [6] - [25] and dark matter puzzles [26] - [32] , however, the explanation of the dark components of the universe represents still a very big challenge.
Apparently separate research lines regard the study of physical systems characterized by vacuum condensates [33] - [50] , such as for example the Hawking or the Casimir effect [39, 40] . Such phenomena have a non-zero vacuum energy which cannot be removed by use of the normal ordering procedure. This fact, in a supersymmetric context, induces the spontaneous breaking of supersymmetry [51] - [55] .
In the present paper it is shown that these interesting issues are intimately bound together in such way that the vacuum condensate energy can provide contributions to the dark energy and to the dark matter. It is shown that all the condensates have state equations depending on the particular regime one considers (high momentum * e-mail address: capolupo@sa.infn.it (UV) and low momentum (IR) regime). The particular cases of the vacuum energy induced by thermal states, by curved spaces and by the mixing of particles are analyzed in detail.
One shows that the thermal states, the Hawking and the Unruh radiations do not contribute significatively to the energy of the universe. Only the vacuum energy induced by the Hawking effect of hypothetical primordial black holes and the thermal vacuum of the intracluster medium (ICM), i.e. the vacuum of hot plasma present at the center of a galaxy cluster, can represent a dark matter component. The vacuum of fields in curved space has a similar behavior [57] .
A further discussion deserves the particle mixing phenomena, i.e. the neutrino and quark mixing in the fermion sector, and the axion photon mixing and the meson mixing in the boson sector. For such systems, starting from the results of our previous works [44, 45, 49] , and from the ones presented in Refs. [55, 59] , obtained in a supersymmetric context, one shows that the flavor neutrino vacuum can give a contribution to the dark matter with a value compatible with its estimated upper bound, while, the quark condensate, because of the quark confinement inside the hadrons should not interact gravitationally. Moreover, one shows that the condensate of mixed boson [42, 43] , as axions and axion like particles (ALPs) in their interaction with photons, and of superpartners of mixed neutrinos, can contribute to the dark energy with the state equation of the cosmological constant. It is expected that mixed particles like kaons, B 0 , D 0 mesons and η − η ′ system do not contribute to the energy on large scale, since they are unstable and not elementary particles.
We point out that, the common origin of the non trivial vacuum energy contributions of the systems above described resides in the fact that the physical vacuum of these systems is a condensate of couples of particles and antiparticles which lift the zero point energy to a positive value. The formal analogy (Bogoliubov transformations) among the disparate phenomena generating condensates could allow to simulate the systems here analyzed by means of phenomena as the superconductivity, the Casimir effect and the Schwinger effect, which are reproducible in table top experiments.
In the computations a particular care has been placed to the renormalization procedure since different schemes may provide different renormalized expressions. The choice of the scheme to adopt is imposed by the need to preserve the symmetries of the system considered. For example, to preserve the Lorentz invariance of the Minkowski space time, the dimensional regularization has been used in ref. [56] . In this way, one has p vacuum = −ρ vacuum , which is the cosmological constant equation. On the contrary, in the case of curved spaces, as the Friedmann-Robertson-Walker background, the Lorentz invariance is no more a symmetry of the metric and a cutoff regularization can be utilized. In Ref. [57] a comoving cut-off on the momenta has been proposed. Notice that the cut-off regularization represents a valid choice also for the other vacuum condensates since the Lorentz invariance is not a symmetry of such systems. Motivated by such facts, in the following the cut-off regularization will be used for all the phenomena considered, apart from the thermal vacuum for which the regularization is not needed.
The paper is structured as follows, in Sec.II, the Bogoliubov transformations in QFT are introduced and the condensate structure of the transformed vacuum is shown. In Sec.III, it is presented the general form of the energy density and pressure of vacuum condensates for boson and fermion fields. In Sec.IV it is analyzed the contribution given to the energy of the universe by thermal states, with reference to the Hawking and Unruh effects. In Sec.V the fields in curved space are considered, and in Sec.VI the contributions to the dark energy and to the dark matter given by the particle mixing phenomena are presented. Sec.VII is devoted to the conclusions.
II. BOGOLIUBOV TRANSFORMATION AND VACUUM CONDENSATE
The Bogoliubov transformations in the QFT context [62] describe disparate phenomena such as the HawkingUnruh effect [33, 34] , the Schwinger effect [35] , the BCS theory of superconductivity [36] , the Thermo Field Dynamics [38] , the particle mixing phenomena [41] - [46] , the QFT in curved spacetimes [50] and so on. For bosons and fermions they are given bỹ
with a k (t) = a k e −iω k t , α r k (t) = α r k e −iω k t , annihilators for bosons and fermion fields, respectively, such that
, for fermions. Thus, they have the general form:
, respectively. The parameter ζ controls the physics underlying the transformation. For example, ζ is related to the temperature T in the Thermo Field Dynamics case, or to the acceleration of the observer in the Unruh effect case. The phases φ ik , γ ik , with i = 1, 2, are irrelevant in our discussions.
The transformations (1) and (2) can be written at any time t in terms of the generator J λ (ξ, t) as:
with χ = a, α and λ = B, F . Similar relations hold for the creation operators. The generators have the property J −1
. The vacua |0(ξ, t) λ annihilated by the new annihilators are related to the original ones |0 λ by the formal relations |0(ξ, t)
This is a unitary operation if k assumes a discrete range of values, which happens in quantum mechanics in which there is a finite or countable number of canonical (anti-) commutation relations CCRs. In this case, the Fock spaces built on the two vacua are equivalent and any vector in one space can be expressed in terms of a well defined sum of vectors in the other space. But in QFT, k assumes a continuous infinity of values, then one has, for bosons,
which is not a unitary transformation any more [61] . This shows that the vacuum |0(ξ, t) B cannot be expressed as a superposition of vectors in the Fock space built over |0 B . The same is true for the whole Fock space built over |0(ξ, t) B , i.e. the two Fock spaces are unitarily inequivalent [61] . Similar discussion holds for fermions.
In general, the existence in QFT of infinitely many representations which are unitarily inequivalent to each other, leads to the problem of the right choice of the Fock space and of the physical vacua associated with the particles which appear in observations. For the mentioned systems [33] - [50] , ruled by Bogoliubov transformations, the physical vacua to be used in the computations are the |0(ξ, t) λ ones [61] .
Notice that, |0(ξ, t) λ is a condensate of couples of particles and antiparticles. Indeed one has
where χ = a, α, λ = B, F and Eqs. (1)- (2) have been used. Such a condensate structure leads to an energy momentum tensor different from zero for |0(ξ, t) λ .
III. ENERGY-MOMENTUM TENSOR OF VACUUM CONDENSATE
One considers the free energy momentum tensor densities T µν (x) for real scalar fields φ , T
, and for
The simbol, : ... :, denotes the normal ordering with respect to the original vacuum |0 λ . Notice that the offdiagonal components of the expectation value of T λ µν (x) in Eq. (23) are zero, 0(ξ, t)| : T λ i,j (x) : |0(ξ, t) = 0, for i = j, being different from zero only the diagonal components. This implies that the condensates induced by Bogoliubov transformations behave as a perfect fluid and the energy density and pressure of boson and fermion condensates can be defined as
respectively. In the boson case, one has
In the particular case of the isotropy of the momenta,
, then the pressure can be written as
In general, the vacuum condensates |0(ξ, t) λ are space or time dependent, therefore they violate the Lorentz invariance. This fact implies that the kinetic and gradient terms of Eq.(11) can be different from zero. Namely, 0(ξ, t)| : π 2 (x) : |0(ξ, t) = 0 and 0(ξ, t)| : ∇φ(x) 2 : |0(ξ, t) = 0. Therefore, from Eqs. (9) and (11), one can have the following state equations: w B = p B /ρ B = 1, if the kinetic term dominates; w B = −1/3, if the gradient term dominates, and w B = −1, (cosmological constant state equation) for dominating mass term. Moreover, the radiation state equation, w B = 1/3 can be achieved if the kinetic and gradient terms are of the same order, and the mass term is negligible. Such a result is achieved in the high momenta regime, k → ∞. Finally, the state equation of the dark matter, w B = 0, is obtained for negligible gradient term and for kinetic and mass terms of the same order. This situation happens in the low momenta regime k → 0.
If all the terms (kinetic, gradient and mass ones) are taken into account, the energy density and pressure are given by
which, explicitly become
The state equation is then
In the fermion case, the energy density and the pressure are
In Eq.(16), one used the relation
By considering the following form of the energy momentum tensor density : T µν F : = :
one can obtain for fermion vacuum condensates the same state equations achieved for boson condensates (see above). When all the terms are considered (kinematic, gradient and mass ones), from Eqs. (16) and (17), one has
where α r k is the annihilator of fermion field, with r = 1, 2. The explicit expressions of the energy density and pressure are
The origin of the non-zero ρ λ and p λ is due to the fermionic and bosonic condensates structure of the physical vacuum which lift the vacuum energy and pressure by positive amounts. Notice also that, being J −1 (ξ, t) = J † (ξ, t) = J(−ξ, t), one can write
Such a property will be used in the following and the notation Θ(−ξ, x) = J −1 (−ξ, t)Θ(x)J(−ξ, t) will be adopted to denote the operators transformed by the generator J(−ξ, t).
Systems such as the thermal states and the particle mixing phenomenon, have the generators J ′ s which satisfy the condition, ∇J(ξ, t) = 0. Then, the energy density and pressure for bosons and fermions become,
respectively. Eqs. (24)- (27) will be used to describe the vacuum contributions of the mixed particles. Notice that Eqs. (24), (25) and (26), (27) do not coincide with the more general Eqs. (9), (10) and (16), (17) , respectively, since, as a rule, the operator ∇ and the generators J ′ s do not commute.
Eqs. (9), (10) and (16), (17) , hold for disparate physical phenomena. The explicit form of the Bogoliubov coefficients U λ k and V λ k , λ = B, F , specifies the particular system. In the following only few phenomena will be considered in detail. However, the formal analogy among the systems characterized by the condensates, i.e. the Bogoliubov transformations, permits to extend the discussions contained in the next sections also to different phenomena, some of which reproducible in laboratory.
IV. THERMAL STATES, HAWKING AND UNRUH EFFECTS
We consider the formal framework of the Thermo Field Dynamics (TFD) [60] - [62] , which has been successful applied to a number of physical problems at nonzero temperature, in condensed matter physics, in nuclear physics, in particle physics and cosmology. In the case of systems at non-zero temperature, the physical vacuum is the thermal vacuum state |0(ξ(β)) λ , with λ = B, F , β ≡ 1/(k B T ) and k B the Boltzmann constant [60] - [62] . The state |0(ξ(β)) λ is defines in such a way that the thermal statistical average N χ k (ξ) is given by , α) the number operator [60, 61] . In the boson case, |0(ξ(β)) B is expressed as
where |0 B is the vacuum annihilated by a k and b k . The auxiliary boson operator b k commutes with a k and is introduced in order to produce the trace operation in computing thermal averages. Similar discussions hold for fermions. The thermal vacuum |0(ξ(β)) λ is normalized to one, and in the infinite volume limit one has λ 0(ξ(β))|0 λ → 0 as V → ∞, ∀ β . Moreover, for β ′ = β, one has λ 0(ξ(β))|0(ξ(β ′ )) λ → 0 as V → ∞. Therefore, {|0(ξ(β)) λ } provides a representation of the CCR defined at each β and unitarily inequivalent ∀ β ′ = β to any other representation {|0(β ′ ) λ } in the infinite volume limit [60] - [62] .
The annhilation operators of |0(ξ(β)) λ (the tilde operators) are obtained by means of a Bogoliubov transformations similar to Eqs. (1) and (2), with a −k andã −k (ξ, t) replaced for bosons by b k andb k (ξ(β)), respectively, and α −k andα −k (ξ, t) replaced for fermions by the auxiliary operators β k andβ k (ξ(β)), respectively. The Bogoliubov coefficients are given by U
, with − for bosons and + for fermions,
- [62] . Such coefficients, used in Eqs. (13) , (14) and (20), (21) give the contributions of the thermal vacuum states to the energy and pressure. If one considers the cosmic microwave background temperature, i.e. T = 2.72K, one has that the non-relativistic particles give negligible contribution to the vacuum energy. Only photons and particles with masses of order of (10 −3 − 10 −4 )eV can contribute significatively to the energy radiation [58] . Indeed in such cases one obtains energy densities of order of 10 −51 GeV 4 and state equations, w = 1/3 [58] . The thermal states can describe also the Unruh and of the Hawking effects. The temperature is T = a 2πck b for Unruh effect, with a acceleration of the observer, and T = , for Hawking effect, with M black hole mass and G gravitational constant. Both of the phenomena do not contribute to the energy of the universe since their temperature is very low. For example, a black hole of one solar mass has a temperature of only 60nK and the thermal vacuum energy of any particle is negligible. Only primordial black holes with very small mass could have temperatures higher than the one of the cosmic microwave background and then give a contribution to the energy of the universe.
A non-trivial contribute can be given by the thermal vacuum of the intracluster medium. Such a hot plasma filling the center of galaxy clusters has temperatures of order of (10 ÷ 100) × 10 6 K. For example, the thermal vacuum of free electrons with temperature of 80 × 10 6 K has an energy of 10 −47 GeV 4 and a state equation w = 0.01. Such values are in agreement with the ones on the dark matter.
V. FIELDS IN CURVED BACKGROUND
Another example of condensed vacuum system is represented by fields in curved spaces. In these cases, the energy momentum tensor for spin 0 and 1/2 are given by [50] 
respectively, and the energy density and pressure depend on the particular metric considered. Let us consider the spatially flat Friedmann Robertson-Walker metric
where a is the scale factor, t is the comoving time, η is the conformal time, η(t) = t t0 dt a(t) , with t 0 arbitrary constant. The boson field φ(x, η) can be expressed as
where the mode functions φ k (η) have analytical expression only in particular cases. However, in any case, the energy density and pressure, after the introduction of a cut-off on the momenta, can be written as [63, 64] 
In Ref. [57] it has been shown that at late time the cutoff on the momenta can be assumed much smaller than the comoving mass of the field, K ≪ ma. Moreover, assuming that m ≫ H, in an arbitrary Robertson-Walker metric for infrared regime, one obtains [57] 
Therefore, state equation is w curv ≃ 0, i.e. the energy of the vacuum of a scalar field in curved space behaves as a dark matter component in the infrared regime. The energy density is [57] ρ curv = mK
The value of ρ curv depends on the values of the mass field m, on the scale factor a and on the cutoff on the momenta K. Thus, numerical values compatible with the ones of dark matter can be found only for the values of the parameters such that, mK 3 a 3 ∼ 10 −45 GeV 4 . We expect a similar result for fermion fields in curved spaces. Further study on such topics represents a work in progress.
VI. PARTICLE MIXING
The field mixing phenomenon is represented by the mixing of neutrinos and quarks in fermion sector and by the axion-photon mixing and the mixing of kaons, B 0 , D 0 , and η − η ′ systems, in boson sector. For two fields, it is expressed, both for fermions and bosons, as (38) where, θ is the mixing angle, ϕ i (θ, x) are the mixed fields and ϕ i (x) are the free fields, with i = 1, 2. In the case of neutrino mixing, the mixed fields are the flavor neutrino fields, ϕ 1 (θ, x) ≡ ν e , ϕ 2 (θ, x) ≡ ν µ and the free fields are the neutrinos with definite masses m 1 and m 2 , ϕ 1 (x) ≡ ν 1 and ϕ 2 (x) ≡ ν 2 . The two flavor neutrino mixing case has been considered. In the boson sector, for axion-photon mixing in the presence of a magnetic field one has, ϕ 1 (θ, x) ≡ γ (z), ϕ 2 (θ, x) ≡ a(z), (with γ (z) photon polarization field parallel to the purely transverse magnetic field B = B T and a axion field). The free fields are
and
The mixing angle is θ a = The mixing transformations (38) can be written as
, where i = 1, 2, and J(θ, t) is the transformation generator [41, 42] . Analogously, the mixed annihilation operators are χ
, for bosons and fermion, respectively and i = 1, 2. They annihilate the mixed vacuum |0(θ, t) ≡ J −1 (θ, t) |0 1,2 , where |0 1,2 is the vacuum annihilated by χ r k,i . The physical vacuum where particle oscillations appears is |0(θ, t) . It is a (coherent) condensate of χ k,i particles (antiparticles) [41, 42] :
where λ = B, F , i = 1, 2 and the reference frame k = (0, 0, |k|) has been adopted for convenience. Υ λ k is the Bogoliubov coefficient entering the mixing transformation. For boson and fermion one has [41, 42] 
respectively, with |Σ
are the other coefficients entering in the transformations), Ω k,i energies of the free fields, for example, Ω k,i = ω γ , ω a for axions-photon mixing, Ω k,i = ω k,i for neutrinos, i = 1, 2. .
Boson mixing
For mixed bosons, Eqs. (24) and (25) become
respectively, where
From Eqs. (44) , one can immediately see that,
2 , i.e. such operators are invariant under the action of the generator J(−θ, t). This fact implies that the kinetic and gradient terms of the mixed vacuum are equal to zero 0| :
Then, Eqs. (42) and (43) become
and the state equation is w 
where K is the cut-off on the momenta. Eq. (48) will be now solved for the mixing of axion-like particles and for the flavor mixing of supersymmetric partners of neutrinos.
-Contribution of axion like particles -In the case of the mixing between the photon and the axion-like particles, denoting with m 1 = m γ = 0, the photon mass and with m 2 = m a , the axion mass, one has
In astrophysical contexts, as in the case of active galactic nuclei, quasars, supernova and magnetars, the magnetic field strength vary between, B ∈ [10 6 − 10 17 ]G. Also the plasma frequencies and the photon energies ω vary considerably. Therefore the mixing angles θ a depends by the particular system one consider.
Notice, however that for axion mass m a of order of 2 × 10 −2 eV and sin -Contribution of neutrino superpartners -In the case superpartners of the neutrinos, the integral (48) leads to
One considers then, masses similar to the ones of the neutrinos, m 1 = 10 −3 eV and m 2 = 9×10 −3 eV , in order that 
Fermion mixing
In the case of fermion mixing, Eqs. (26), (27) become
where ψ i (−θ, x) are the flavor neutrino fields or the quark fields. Being
Thus the energy density and pressures of Eqs. (51) and (52), become
respectively. The pressure of the fermion mixed vacuum |0(θ, t) is equal to zero independently on the regularization adopted. Then the state equation in this case is w F mix = 0, which is the one of the dark matter. Similar result has been obtained in supersymmetric context in Refs. [55, 59] . Now one shows the consequences of such a result. Solving Eq.(54), the energy density of the fermion mixed vacuum is
and explicitly, one has
For masses of order of 10 −3 eV , such that ∆m 2 is of order of 8 × 10 −5 eV 2 and a cut-off on the momenta K = m 1 + m 2 , one obtains ρ F mix = 4 × 10 −47 GeV 4 , which is in agreement with the estimated upper bound of the dark matter. A possible mechanism which imposes a very low cut-off for neutrinos is given in Ref. [65] . Values of K of order of the Plank scale leads to ρ F mix ∼ ×10 −46 GeV 4 . We point out that we have considered an empty universe without matter and gravitational interaction. This fact produces the homogeneity of the condensates. The presence of matter interacting with the neutrino flavor vacuum and with the vacuum condensates above presented could generate clustered matter and therefore the irregularities which are observed in the universe.
By considering the quark masses, the value of ρ F mix one obtains is much higher than the ones above obtained. However, the quark confinement inside the hadrons should inhibit the gravitational interaction of the quark vacuum condensate. Therefore such condensate should play none role in the formation of structures on large scale and it should not affect the dark matter component. Moreover, the condensates induced by the mixed bosons, which behaves as a cosmological constant, can evolve remaining homogeneous also in the presence of matter, since their pressure is negative.
VII. CONCLUSIONS
It has been shown that the vacuum condensates induced by different phenomena can contribute to the dark sector of the universe. The vacuum states of these systems are indeed condensates of couples of particles and antiparticles which generate non-zero vacuum energies and which, under particular conditions, behave as dark matter or dark energy.
The contributions given by the thermal states, by the fields in curved space and by the particle mixing phenomenon have been analyzed. It has been shown that the thermal states and the condensates due to Unruh and Hawking effects do not contribute considerably to the vacuum energy. Non-trivial contributes to the energy are given by the thermal vacuum of the intercluster medium, by the vacuum of fields in curved space-time and by the flavor vacuum of neutrinos. Such vacuum condensates have a negligible pressure, therefore their state equations are similar to the dark matter one. Moreover the values of the energies are compatible with the one estimated for the dark matter.
On the other hand, the mixing between photons and axion-like particles can reproduce the behavior and the estimated value of the dark energy component.
The formal analogy existing among completely different phenomena, characterized by vacuum condensates, suggests to investigate the properties of the condensates of the systems here studied, in phenomena like the superconductivity, the Casimir effect and the Schwinger effect, which can be analyzed in table top experiments. Therefore, the results presented in this paper can open a completely new way in the research of dark matter and in the study of the dark energy.
